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ABRSTRACT

The interaction lengthe of plons and protons in iron have
been mensured using an lonizatlon spectrovetar composed of
alteinating layers of Jron and plastic scintillator. These
measurepgnts cover an energy range {rom 9.3 te 18 GeV. The
interaction lengths were determined by accurate statistical
annlyses of the ewperimental data using the wmaximum-Ilikeliheod
method. The dependence of the intersction length on the pava-
wmeters used to dzfine an dnteraction was studied, and the results
reported employ parsmeters chosen to minfmize the perceutage
uicer tainty In the dnteraction Jenpth.  Thoe mean Interaceion length
of Pions wag found to be approwtmately 203 preater than that of
profons. Ro sipguif{icant dependence on the enexrgy of {he incident
primary was fouad In the range measured. Congistency was found with
the great varclety of acceleratov measuremenis nade to date, all of
which report greater dinteracticn lengthg than those repoxted by the

cosimic ray neasurcments.
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INTRCDUCTION

As energetic charged partlicles traverse patter they lose
energy in emall smounts via an alnost continucus process of
excltation and ionization of thie stoms and molecules of the
abosrber material. However, strongly interacting narticles

3

(hadrens) also hava n piobability of futerscting with In sity

.

nuclei. The stroag interaction is characterdred by the procduce-
tien of c¢ne or wore additional strongly interacting particles
(usually 7 or K nesons) ~ud hence constitutes a much larger
and discrete energy loss by the incident hadron thun is typical
of the more freguent atémic collisions,

The interaction probability of hadrons in hydrogen hze been
studicd extensively, both ag a function of the ineldent energy
and the type of incident hadron. The praobebility for interactions
in wmaterials othesr then hydrogen has been lesn extensively studied.
In this paper we report the results of measuricuents on the probebilicy
for strong intevactions of fncident plons and protons {in ivomn.

Shailar measurements have bheen repoxted previously, 1-9 but these

ity

earlicr works suflered from lssge uncertnintiecs in the incident
enexgy or from less accurate methods of identifyang the atrong futer—
action. In this experiment, monentum-analyzed beams of pions and
protons produced by the Alternating Gradienti Sychrotron were employed.
The detector wag composed of modules consistiug of alternating layers
of iron and plastic scintillator. The output signesl from each module
was digitized and recorded on magnetic tape, sc that each event could

‘be reconstructed and analyzed in terms of a variety of parameters.
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In the present experiment, as well zs in most of the
previous work, the parameter that is measured is the module
number of the detector in which the interaction took place.

If the probability of an Interaction is independent of the
particle enerpy, then the probability of an dnteraction per
wilt thickness of absorber is independent of the depth in

the material. MHence the probability of a perticle trn&ersing
a depth- £ without interacting 1s given by

P(L) = TEA, )
The constant A Is the wean interactlon leopth, end is related
to the total Interaction cross section, o, by

A
Aowe o {2)
UAvp

3 s

vhexe A and p are the averape atomic maws and the uéns;ty of the
target materialﬂhand Av is Avagadro's number. Thz psrsmeter A
is determined fiom the distribution of intccactions in the detector.

Detalls of our expsrimental technique, preocsdurss for data
reduction and analysis, and comparisons with previocusly reported
resultg are described in the followilng sections.

APPARATUS

The coswmie ray detector uced in this experiment is designed to
meagure the encrgy spectra, charge coupoesition, and arrival direc~
tions of cosmic rays in the energy range fron 1310 go 1044 eV. The
data for this expseriment were accumulated dﬁring a calibration run

performed in the G10, +4.7° test beam at the Alterpating Gradient

ot
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Sychrotron =t Brookhaven Rational Laboratqry. The instrument,
showr snchematically in Fig. 1, containg a gartigle identification
section which s2rves to define the charge and trejectory of the
incident particle and an ionilzation gpectrometer to determine
the enerpy of the incldent particle.

The spectroneter consists of 12 tungsten nodules and 7 iron
moduleg. For a portlon of the present messurerents, 4 additional
iron modules were incorporsted in the spectrometer, using elec-
tronlcs from 4 tungsten modules. The spectrometer is designed to
permit unzabizvous ildentification of incident electrons through
the rapid devzlopnent of electromagnetic cascades i{n the tungsten
portion cof the detector. Each tungsten module consists of a
tungsten plate 6.3 g/cmz thick (0.32 ¢ or approximately 1 razdiation
length) and a scintillaving plastic sheet 0.65 g/cm? thick (0.64 cm).
Each of these modules is vicwed separately by a palr of photomultiplier
tubes.

The spectreweter fe also designed to measure the ecnergy of primary
cosmic ray protons poincipally through the response of the ircn
modules to anergy doposited by nuclecar-electromagnetic cascades. In
the detector used in the present experiment, the arrangement of
absorber material (iron) and active elements (plastic scintillator)
is such as to optimize the energy resolution of the spectrometer by
minimizing fluctuations in its energy response,. Conventional foni-
zation spectrometers used In cosmic ray experiments exhiblt an energy

resolution which ig dominated by two maior sources of fluctuations.

Bt Card




w

-

One 18 caused by uncertainty in the location of the first
hadronic interaction, which leads directly to an uncertainty
in wvhat fraction of the primary energy escapes nut the bottom
of & finite - depth detector. The other fluctuation results
from infrequent asampling of the encrpy deposited in electro-—
magnetic crscades which ¢re dnitiated by the ucutral pions produced
in high energy hadronic interactions. Im the present experiwment,
each iron module consists of 66.4 +0.7 y/cm2 (approximately cue
half ef & nuclear interactien length) ¢f iron and is viewed by a
palr of photomultipiier tubes, This enables location of hadronic
interactions to with’n one half a r .clear interaction length. The
ircen in each module is arranged in layers interspersed with three
0.64~cm thick flastic scJntillacvor shoets., The active elcments are
thus located approximately every 1.5 radiation Jeapth of absorber
material so as to thoioughly sanple clectromagaetic cascades. This
spectremeter design has greatly Jmproved the energy resolution over
previously reported results.}o

The output signal of each of the tungsten and Jron modulez wvas
calibrated using cosmic-ray muons, and non-interacting protons
produced by the accelerator. Calibration runs were taken both before
and after the proton and ploa data~were accumulsted. The response of

each of the modules to equivalent single relativistic muons was
q ot .

detemmined by pulse height analyzing events in which energetic
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coswlec ray mucns were iIncident on the detector. Such events
were selected by demanding that altermate modules situated before
and after each of the modules being analyzed had pulses corresg-

ponding to the passage of a single relativistic pafticle.

ANALYSTIS OF DATA

In the approximately four nuclear interactions Iengthe con-
tained in the ifcenization spectromngter (six intcraction leagths
a{ter.the additioval modules ware added) almost all incident huadrons
participated in a nuclear interaction. The problem was to determine
reliably in which wodule the diteraction ceeurred. It was asswned
that at least one additional hieh enervgy varticle (usually a picn)
le created in wiv vucleor interection. Thus the sodles Jocated at
greater depth than the interaction chow sn jncrcase ian sipnal associated
with the passape of wore than one relativliatic particle. When a
neutral pion is created fn the nuclear interaction, the vesulting decay
to two pamwma rays and subsequent ¢lectromagrnetlic cascoade produces many
ionizing particles in the following modules.

In ordur to detewmine the module In which the nuclear interacticn
took place, the pulse helght froa each moéule is divided by the average
equivaient muon pulee height, The numbers thus obtained, which are
assumed to vepresent the nunber of icrizing particles in each wmodule, are
used to determine the intevaction location.

To fllusiiete the nature of the problems encounteved, plots of

the number of ionizing particles as a function of module number are

e n oo gt
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ghown in Pig. 2a and 2b. Pigure 2a& illustriates a case which
i8 easy to analyze. A single incident particle passed through all
12 tungsten modules ead two iveon modules. The outputs of these
modules ghow only the usual statistical variations associated with
the pasnsge of one velavivistic particle. In Yvon Module 3 (Fe 3)
an jnteractica occurved vhich produvced one additionel pariicie.
Tha subgcequent nuclesar sod electromagretic cascnde e ceen to bulld
up in the deeper wodulen, Pigure b rhows & wore Cypical cane and
ig clearly wore dififcult to anelvee unambigucusly. In this case
two fanlsted modules (Turgston L end 11) recorded pulse héighta consistent
with the paseage of scveral relativistic donizing particles Luv are
followed by modules with outputs cerresponding to one relativistic
particic. Tt 18 weru-ed Lhat thesze dsoleted high-output signalg
ave due to stocestic variations in the nunber of scintillavion ﬁhotons
detected, photomultiplier tube noiere, or the productiocn of delta rays
that stop in the deteater. Thig conclusion is supported by the
ohgervation that thease “spurfously' high outputs appear with the rawme
frequency even when the incident particles are wmuona. In the Fe modules
the ef{fect of Landou fluctustions is greatly roduced by the averaging
of the pulse heipht from the three scintillators. In all of the
analyses reported here, at least two consecutive wodules indicating
more than one relativistic fonizing particle were required to define
an interaction. Tnis effectively requires that charged plons be
produced with a range of wore than 06 g/cm2 in iron cr that a w° be

produced with enough energy (~ 600 MeV) so that the sssociated electromagnetic

cascade penetrates more than 9 radiation lengihs of ircm.
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In order to analyze the 5 x 10% events recordcd during the
couree of this experiment, a computer program was written to
proness the data. The data recorded from each incident particle
were searchea for twe or more consecutive modules with outputs
above a threshold lavel. The interaction was deiiped to have
started in the fivet of the modules in which the threshold was
exceeded. Both the value of the threshold and the numsber of counsec-
utive modules rejuired to exceed this value were adjustable pare-
mefera. Alter vreduction of the data for a particular run, a stmmary
of the inforwation for each module was printad. This summary included
the total uuwmber of events analyzed, the number of times a single
particle p%us&d througu cich medule, the nurber of tinmes the seignal
wee spurfous (d.e. the signal exceeded the threshold value bur the
signal in the next module did noty, and the number of times a particle
interacted in cach wodule.

In ecae Instances gpurious effects generate g high signnal in the
modul: just before the one in which an dnteraction occurred. Yais
spurdicus eipnal causes the wrong Interaction module to be selected,

If all modules were spuricusly high the same percentape of the time, che

slope of the interaction curve would not be affected. However, this wvas
not the case; the spurious rate varied trom much less then 1Z to slightly
nore than 5%. The number of interactions found Zn each plate was

therefore corrected, as follows, vo account for the affects of spuriously

high events.

If module 1 produced a spuricusly high signal & fraction of the

N
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time S4, then the cbaerved nunber of events in module 1, Ni should
be reduced by Si 11, becruse of the spuricus signals. Hoiwever, the
. ES
tinber of eventa in module 1 should be increased by tne number of
; events falsely aswsligned to the 1-1 module. Thuz the correct number
. of events Ni checrved in module 41 1e given by
!
g Ny = By (1-%¢) + Sg.9 1y _q- (3)
' The wesn interaction lougin wad found by deierniniag the wiope
; of rthe cxponcntial decay of the number of interactions ia each of
t .
L the firon wodules. In all of these determinatlons the interactions
!
i in both the {irst and last iron medules were Llpnorzd. The fairst iron
? . " 11
module vee jegnored because of predicted backscattering effccts, and
: wore imp "ly, bacause this sodule is not symmetrically cabedded in
i
h ivon., The showers created by dnteraction in the decper portions of
' : this module are detected by only one or two scintillator sections, and

are hunce seen less efficiently then duteractions occurring inm the {ront
¢t the module. Gfuch low efficiency everts will often be replstered

as having started in the subzequent iren nodule, but there is no corres-
ponding meodule fn front of the first one to add to events detected as
starting in the ffrst module. Thus the efficiency of the first module
1s predictably foo low. The fnteractions detected in the last wodule
wore also ignored because of a lack of syrumetry in the backscattering

and becsuge there was no eifective way to determiue the number of times

the last detector was spuriously high.

STATISTITAL ARNALYS1S OF THE EXPERTURNTAL DATA

The processes by which energetic hadrons interact in an fon.zation

spectromater are stochsstic, and the relationships describing the

D



LT A o A S N Pt = . RS
~
(Y ! h - " . R
et el ~. : :
' §r ' » o -
; ) o .
B o Zm L N RPN N NN RIS T
. . ° X . v,
. /"7 »; - .

-9-

expected response of the detectors are statigtical. In the present
work, th- method of maximum likelihood wes used to determine inter—
action lengths from distributions of interactions in an ionization
spectrometer. This mettod is readily applicable because each
particle has a well defined a rriovd probability of interacting as
a functicun of detector modile number, independently of the inter-
action probabilities ¢rf cach of thc other particles.

tnother approach, sometimes used to determine the interacticn
length, ¢mplouys a Jess cunberscne technique. The logarithm of the
observed inLe\actiun~distribution is fit by a weidghted least-squares
to & straight line. The applicebility of the least-squares -aethod
relics on the iadependence of the nusbers of particles obscrved ©
interact in cach detecior wodule and the appropriate .choice of tir: welghting
function. In gny attenuation experiment such as reported here, the
numbers cof particles interacting in the different detector modules
are not independent, and are in fact related by the expression,

k )
N=23% n_ (4)
5=1 4

where N is the total number of interacting particles, k is the number
of detector modules, and the nj are the numbers of particles observed
to interact in each of the mouules. That is, the probabllity of interacting
module 1 is coupled with the prabability of not interacting in the

i-1 preceeding modules. In the present experiment, the total detector

thickness i¢ larpge, approximately 4 interaction lengths of ahsorbing

~ T
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material. Therefore. the total nunber of inte;acting paxticles
is a large fraction of the totel flux through the detector.
Fluctuations in the rumber of particles interacting in any module
propagate as fluctuations in the flux through succeeding detector
moduleg. Thus, the approximation that the nj are jndependent cannot
be justified. Its use would lead to results which are influenced
by coupied statistical fluctuations in the numbers of interacting
particles In successive detector modules.

For each data set in the present experiment, aa interaction length,
Xy was determined by maxiwmizing the likelihood, as a functicn of »,
given by the product of all the a priori probabilirfes for each event
In tiie datz set,.

Tt 2 probability that a particle, present at =0, will arrive at
% is e—n/x’ vhere A 1s the nuciecar interaction length. The probability
that a particle at 2 will interact between £ and £4+d% is %gf Since
these probabilities are independent, the probability that\a particle

present at £=0 will arrive at £ and will interzct betwcen £ and £+44%

is given by

: L+D2 -2/ -
P(L,02,0) u.fp e a/x, or (5
L

P(L 82 A) = e /A (1 - BNy, | (6)
where AL is a module thickness, and § is total thicknéss of modules
up to the one in which the particle interacté. However, in this experi-
ment, the only particles selected are tﬁose which interact betwcen
2=0 and &=L, where L is the total thickness of all the modules. Thus,

the probability of interacting in the whole detector, treating it as
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one medule, is (from Eq. 6)
PO, L, 3) = 1 - e"L/A, | N ¢7
So the probability of inte:i .cting between £ and i+A£ for all
particles which arrive at £=0 and which do interact betwcen

2=0 and £=L 1= given by

hei e—L/A)

P(L, AL, L, XA)= R (1 - Y/ Q- . (8)

An analogous expressileon is commonly used Iin bubble chawber experi-
ments (o determine particle 1ifetimos.12
For laxge L/X and small A2/X, LEq. (8) reduces to the well known
limiting expreesion
P(L, b2, L, A) w B2 o2/ (9)
1im L/Ar e
AL/A+ O
However, sinice the 1ljimit cxiteric are not satisfied in the present
work, Egq. (8) is thc apprupriate exprzssion for the a priori proba-
bility end 18 used to calculate the likelihood function.
The likelihood functiom is glven by
g;r:'TF Py (8, B2, T, A). (10}
i=1
Ustog P, from Eq. (8) gives
LTIV evi/r (1 - 842y ) (1-e7y, (11
i=1
where 1 ¥ndexes each of the N independent events in the data set. The

interaction length, to Le determined from the data set, is that value of

the quantity, A, for which the likelihood,ég , 18 a maximum. ‘inceéﬁ is
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a positive definite quantity, it is a maximum when

N o
2l mizlL:;.;l.+ gn(1-e"88/2y -zn(l—e“’*/*)] (12)

is a maxiwmun, Analytically, &n(X) can be maximized by setting its

firet devivative with respect to A equal to zere. The resulting

transcendental expression for A must be solved by numerical techriques.

In the present work valuss of fn (f) were computed for each data set

for a range of values of . £n(11) was found to be nearly normally

distributed in recdprocal A, 1/XA; for all data sets, independent of

size. For data sets centaining more than 2500 events, fn(X) was found

to be normally distributed im A as well. The ohserved behavior of the

likelihood function in A and reciprocal A has been predicted for this

type of data in Review of Particle Properties (1970) by Barbaro-Galtieri "~

et al.,13 and can be derived from the analytical behavior of Eq. (12).
The measured uncertainties were determined from the numerical

calculations from that change in X, 61, for which #n(f ) decreases

by the aumount 0.5 from its maximum value. This corresponds to the

one standard deviation points of a normal distribution. A limit on the

best accuracy obtainable in A fora tctal nusber of events, N, for a smals

A2/X and for a finite L/A has been presented in Ref. (13). In the present

work, in which both A%/X and L/)X are finite, the minimum uncertainty

TR
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in A can be shown to be '
_ . 2 2« 1/2
&, = ‘7% [EAE/J\ sﬁ/nﬁ_l oL/ ;i"/;l_/”} (13)

All standavrd deviations determined in the pvesent work slightly excced
6A_. . The valuces of 2 and é) determined from the analyses just
desceribed are presented in the next section.

KESULTS

Because the analysis progrem was writien in a general manner,
it was relatively easy to determine both the slope of the interaction
curve: and the quality of the fit as a function ¢f numerous paremeters.
The data were analyzed as a function of the number of consecutive
“high™ modules required to define an interaction, as a function of the
nuntber of equivalent munns needed to define an interaciion, and as o
funcrion of dificrent nurbers of muon equivalent particles in the
first and second interaction modules.,

The slope of the interaction curve was calculated {or several
different runs using the requirement of outputs exceeding a threshold
from two or thire consecutive modules to define an inteiaction.

For ecach run the slopes determined using tﬁe requicerent of two

consecdtive modules agreed well within the experimental uncertainties
with the slopes determined using the rcquirement of three consecutive
modules. However, the statistical accuracy associated with the three

module measurcments was somewnat less. The data from one less module

B U
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could be used since the number of intevactions occurring in

the next-to~last module obviously could not be determined with : : )
the same requircments placed on the other modules. The loss

of information which might have been provided by this one

additional module increages the gtatistical urcertainty. GSince

the determinat.on of the slope was independent of whether the

two or the three consecutive-module requirewent was used, and because
greater accuracy was achieved uith the two module requirement, all

ons waire nede with the requirement that two

i

succceding deterninat
éonsecutive modules had outprts which exceceded the selected thresholds.
The threghold chosen to define an interaction selects the
prraizzl processes to be observed. As tho threshold for determining
an interaction is raisaed, interactions which have low multiplivity
and also fall to deveicpy a signiiicant shower are not detected.
However, interactions‘with high multiplicity will continue to be
detected. Most interactions in which one or more 7°'s are produced
will also be detected due to the rapid build-up cf the electromagnetic
shower following the decay of the 70 into two gawma rays. At the
energies investigated in this work, higher multiplicity eveuts have .
lower probabilities. Since increasing the threshold requirement will
bias against some low multiplicity, higher probability events while
continuing to select thz high multiplicity, lower probability events,
the interaction length is expected to rise as a fﬁnction of increasing
threshold razquirement. Figure 3 shows a plot of the measured inter-— : -

action lenzth for both 9.3-CeV protons and positive pions as a fumction

Pt e, .
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of the threshold. The interaction length is seen to increase
by about 20% as the threshold requirement is raised from 2 to
7 single particle equivalents. The measured Interactioa length
seens to remaln roughly constant or decrease slightly for still
higher thresholds. However the statiétical accuracy for the higher

threshold requlrements rapidly becomes worse because not many events

o

atlsfy the 1alier unusual tureshold reyuiremeats. For very low
threshold requirements the statistical uncertainty in the determina-
tica of the slope increases for aimllar reasons. TFor exawple, as
the threshold is lowered to one jlonizing particle the interaction will
almost alwaye be detected in the first few tungsten modules and no
useful data for the determination of the slora in the iron moduels
will be available.

Not much data arc available for the particle multipliicities to
be expected from nuclear interactions in ircn at the . rergies inves-
tipated in the prescent work. Thus the interaction mean free path
was determined for a range of values of the thraeshclds. TFigure &
shows a plot of the statistical uncertainty in the mean free path
as a function of threshold. For these data there is a very clear minimum
in the percentage uncertainty for a threshold rzquirement of 3.0 muon
equivalent pavticles. The other data (13.8 and 17.8-CeV protons ard
9.3-GeV plons) also show a minimum in the uncertainty at a threshold

value of 3.0 muon ecuivalent particles although in these latter cases

3
i
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cases the minimum is vot so prenounced. This wminimum in the
uncertalnty occurs even though tihe total number of interactions
found in the iron modules is a wonatonically increasing function
of the thréshold value until the threshold is approximately B
muor: equivalent particles. The uncertainty in the deternination
of the slope depends both upon the statistical accuracy of the data
and upon how well the data fit the assumed exponential decay function.
The fact that for values of the threshold greaster than é the quality
of the fit becomes worse while tae total number of interactions
detected dncrecascs, indicates that data for these higher thresholds
do not fit the hypothesis of a simple exponential decay so well. The

thresheld which resulted in the minimum atatistical uncertainty in

Once criteris for the number of wmodules (2) and the threchold value
(3 muon eqguivalent particles) had been determined, the e¢fect of adjusting
the threshold of the second module while holding the thresheld in the
first at 3 was investigated. For soﬁe caseg, parcicularly {or inter-
actions which initfate electromzgnetic cascades, the signal level in the
second mndule is higher than in the first. It was thought thst a higher
threshold for detection in the second module would more nearly represent
true events and be a better criterion for event selection. The data for
9.3~-GeV protons were analyzed by varying the threshold foi;the second
module from 1 to 5 nuon equivalent particles while the threshold fox
the first module was held constant at 3 muon equiQalent pavrticles. As

can be secen in Fig. 5, the miniwmuw uncertezinty in the determination of

- the 'slope’ occurs with the same threshold for both the first and second

modules. While adjusting the threshold value in the second module changed
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the accuracy of the glopz determinaticn; no e¢ppreciable change
in the value of the interaction—length was detected. Th;s all
final resulte on the determination of interaction lengths presented
here are based on the requirement of two successive modules with a
aignal output above 3 times the single psrticle level tc define an
interactlon,

The results of the determinacien of mean interaction lengths
for protouns and pions are presented in Tables I and I1. The number
of modules employed, the total number of interaéticns analyzed,
and the wcasured mean nuclear interaction length are glven for each
incident energy. The uncertainty in the interacticn length deterwined
by the maxirna likelibood nethod 1s also givern, along with the theore-
tical minimmu statistical uncertainty hssed on the Loia] number of
interactions detected. Fach of the expervimentally determined interactions
lengths cou:alns an additicnal uncertalnty of 17 due to the uncertainty
in the mcan density of the detector matcrial.

It needs to be strongply stressed that in Tables I and II the values
of the interaction lengths and the assuciated uncertalnties are given
for our besgt—fit definition of an intcraction (3 muon equivalent
particles in each of two consecutive wmodules). As lLas beea discussed
previously, the value of the irteraction length can be chsnged cov .derably
outside the stated errors by appropriate changes in the definition of an
interaction.

The mezn Intcraction lengths are observed to be independeat
of the number of 1ron modules employed to wiinin rhe statistical uncer—

tainties in the measure..2nt. No significant dependetice of the interaction

T A B R AR Maianatl Lt
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length on energy is detected. On the hypothesis that the inter-

action length is independent of eneigy ¥ = 0.09 for protons awvd

P = 0.95 for pions. The mean interection length for pions is

approximately 204 greater than that for protons.

Sone neasure of the overall accuracy of the determination of

the mean futeraction length can be obtalned from a cowmpariscen of the
experiwentally Jetermined uncertalinties with the theoretical wminimum
wncertainties predicted from Bq. (13). The fact that the experimental
uncertalntlen are only sldghtly larger than the theoretical minimum
indlcates that the agssumption of a single exponentiul decay function

is reasonusble. Departures of the data from the assumed exponential

decay ceuld be caused by vardiation of the interaction ileagth with

energy, wequal efficicucies of the detector modules, and contamination

in the boeam.

The effect of enerpgy dependence on the determination of the mean

interaction length is cxpected to be very small. The incident particles
lose less than 10Z cof thelr energy in traversing the entire detector,
even for the lowest cnergy (9.3 GeV) protoms. Since the interaction
probzbility ig at woersl a8 very slowly varying function of the encrgy,
the gmall change In incident energy should not appreciably affect the
determrination of the wmoan interaction length.

Contamination cof the proteon beam by other hadrons was small.

. v
Efficiency for rejection of n and K mesons by the gas Cerenkov detector

was measured to be better than 98%. Since the flux of protons alvays

represented more than half of the total f£lux, the conteminaticn in the

proton beanm was always less than 2%.
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There was, howevar, some K meson contamination iﬁ the =«
meson beam. At both 5.3 and 17.8 GeV the ratio of K¥ to ot 8t
the production target was 12%. Because of the long flight path
(57.35 m) and che lower energy of the K+, azbout hélf of the K'
mesons decayed before reaching the detector. The ratio of ol
to w7 incident upon the detector was 5.1 and 7.8% at 9.3 and
17.8 GeV respectively. The correction for the K' contemination
in the beam has been made assuming the vatio of the cross sections
G(K+,Fe) to o(vt,Fe) will be the same as the ratio of the cross

ot
gection 0(K+n DY to o(n 5 D) of approximately (.71 given by Denisov

15 . )
et al.”” The correction for the K meson contamination hes besn included
in the resul s presented in Table IT. The corrected value for the
2

™t futeraction length in iron at 17.8 GeV/e of 164 28 g/cw® is in

exccllent agreement with the wvelue of the 7 intaraction length weasured
at 20 GeV/e of 162 42 g/cm2 obtained by interpolating betwcen the values
17

glven for AL and Cu by Allaby et al.lG Harris et al. have reported

& mean Interaction length of 13O'g/c72 for 3.75 GeV/e wEt in iron. This
deterwination is bazed on the interaction criterion of scattering
of the incident plon, so that the much higher interactlon cross section
may be due to an effectiQely lower threshold criterion.

The effect of detector efficiencies upon the determination of the
mean interaction length has been investigated. First, as a check
for variatiomnse in the efficiencies for detection of an Imteraction,

the total wnurber of interactions devectad in ‘each wmodule for all proton

R R O
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rung was plotted as a function of module number. For each module
included in the data analysis the sua of the interactions differed by
no mere than 2% from the expacted fit ts the data. We thus conclude
that all detectors have the same efficiency fér the detection of an
interaction to within a few perceat. Secondly, the muon equivalent
particle cslibiation for the first useful iron module was arbitrarily
changed by 107, a number seversl times the asslgned wncertainty. The
value of the mean dnteraction length chenged by less than 1%, but the
quality of the {1t became worse.
Conclustions

The wean intceraction leagths for 9.3-, 13.8~, and 17.8-GeV provons
and 9.3~ and 17.8-CeV positive pions in iron have been determined. The
value obtained decpends somewhat upon the signature required to define
an interaction. Exact comparison with the other determinations of the
meuan interaction leugth 1Is not possiblec because other cxperiments have
glightly differxent criteria to define an interaction. The results of
this experiment and those of previous workers are shown in Table III.
Because of the accurately deterwined .incident energy and large nmumber of
2vents, the puecision of the present results is generally greater.

Ho statistically significant varjation of the mean interaction
length for protons or plons as a funcrion of energy was observed in
this work. However, with only two exceptions, the data presented in
Table I1I show a aystematic 5% difference between measurcments of the mean
interaction length made with cosmic rays and those made with accelerator
produced protons. A correctilon for pion contamination in the cosmic

ray flux would lower the value obtalned in uncorrected cosmic ray experi-

e
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ments by about 57 thereby increasing the discrepency.

All of the racent accelcrator experiments have employed btoth
a similar Qetector constructed of alternating layeré of iron and
scintillator and similar criteria for defining an interaction. Thus
the agreement among these experiments 1s not unexpected. The analysis
of the data in the present work has shown that the value of the mean
interaction length 1s dependent upon the criteria used to define s
interaction. lowever meost of the changes in criteria from the ounes
finally éelected for our analysis tend to ralse the value of the mean

Interaction length. None of the various interaction criteria that were

tried gave a value as small as with those reported by the cosmic rays included

experiments. The difference may be due to the effectively higher
threshold criteria in the cosmic ray experinents resulting from less
frequent sampling and greater module thickness in their detecters.

Twe determinations of the interaction length using cosmic rays
included only particles with energies above 5Q GeV. The observed iiffer-
ennces in tne mcan Interaction length could be explained by an cnergy
depondence(gf the interaction cross section. Such an energy dependence
has bfen sought by Jones et a1.9 over the energy range 70-800 GeV but
no statistically significant effect was observed. The accuracy of these
investigations was, however, not sufficient to rule out an energy
dependeace as the cause of the observed discrepency.

Iv 18 always difficult to make comparisons betwween experilmental
mea-urements in which different techniques, that may affect the results,

have been employed. It will be interesting to repeat the wean incer-

"action length measurcments using an iron-scintillator spectrometer with

cosmic rays as a sdurce of protons.



b

ﬂ

Acimowledpements

Thanks go to J. Tanguay and the crew of the AGS
for their assistance. Appreciation 1s cxpressed for
the cooperation of the other experimenters with whom
we shared the bean line. In particular we arc indebted
to R. Lanou and L. Rosenson for the use of the écrenkov
counter, .nd to S. Siegler for the use of the beam
telescope.

R. Cunningham, D. Dellatorre, A. Peterson, J. Reynolds,

R. Silverberg, and 0. Withers assisted in obtaining the

data. Mr. Dellatorre alsc assisted with much of the data hand-
lirg, and was re-ponsible for a enormous job of cataloging
the results.

We ecspecially want to thank Dr. R. Kurz for very useful
information about his AGS calibration, for permission to use
his data prior to publication, and for many very helpful
discussions.

Finally, a specilal word of appreciation is in order for
the tochnical staff from Goddard Space Flight Center, including
R. Greer, J. Laws, M. Powérs, L. Stonebraker, each of whom put
in many long hours ensuring that the experimental apparatus

would operatzs properly.




£
4
Be
3
b
H
%
.
;]
4
e
s
3
B

R i e T

e e B AT @ 1 o Ty

iy

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)
12)

13)

References

A. E. Branner and R. W. Williams, Phys. Rev. 106, 1020
(1957).

A. Ashmore, G. Cccconi, A. N. Diddens, and A. M. Wetherell
Phys. Rev. Lett. 5, 576 (1960).

N. A. Dobrotin, E. V. Denisov, S. A. Dnbrovina, D. V. Emeljanov,
I. N. Fetisov, V. V. Guseva, N. E. Hromich, V. G. Ignatjeva,

V. M. Kin, D. A. Kotelnikov, A. M. Lebedewv, V. M. Maximenko,

A. E. Morosov, A. G. Fovikev, 0. F. Ogurzov, V. §. Puchkov,

D. F. Rakitin, 3. A. Slavatinsky, V. V. Sokolovsky, V. I. Titov,
and N. G. Zeclevinskava, Proceedings of the IX International
Conference on Cosmic Rays, London (1965).

G. Bellettini, G. Cocconil, A. N. Diddens, E. Lillethun, G. Matthiae,
J. P. Scanlon, and A. M. Wetherell, Nucl. Phys. 79, 609 (1966).

E. L. Andronikashvili, G. &, Chikovani, D. I. Garibashvili,
L. L. Gabunia, D. B. Kakavridze, D. M. Koclyarevski, Z. Sh. Manjavidze,
R. N. Roinishvili, L. A. Razdolskaya, and E. N. Sherer, Can. J.

Phys. 46, $689 (1568).

W. K. H. Schnidt. (Dissertation — Christian-Albrechts - Universitat
zu Kiel 71968) unpublished’ .

W. V. Jones, K. Pinkau, U. Pnllvogt, W. K. H. Schmidt, and R. W.
Hugugett, Acta Physics Hungarica 29 Suppl. 4, 521 (1570; Nuovo-
Cimento 84, 575, (1972).

G. L. Bashiudjhagyan, V. M. Belokopytov, A. I. Demianov, V. S. Mur=zin,
L. I. Savycheva, and N. B. Sinyov, paper HE-24 12th International
Conference on Cosmic Rays, Hobart, 6, 2211 (1971).

L. W. Jones, A. E. Buesian, G. D. Delleester, B. ¥W. log, D. E. Lvon,
P. V. Ramana Murthy, R. F. Roth, P. R. Vishwanath, J. G. Learned,
P. D. Reeder, R. J. Wilkes, K. N. Frickson, ¥. E. Mills, and

B. Cork, University of Michigan Report HE 71-45 Revised (1972).

J. F. Ormes, V. K. Balasubrabmanyan, R. D. Price, M. 7. Ryan, and
R. F. Silverberg, IEEE Trans. Nucl. Sci 17, 17 (1970).

W. V. Jones (private communication).
H. Whiteside and J. Gollub, Nuovo Cimento 54, 537 (1958).
Rarbaro-Galtieri, S. F. Derenzo, L. R. Price, A. Rittenberg,

A.
A. 1. Roseafeld, N. Barash-Schmidt, C. Bricman, M. Ross, P. Soding,
C. G. Wohl, Rev. Mod. Phys. 42, 87 (1970).

[ S



14)

15)

16)

17

L. Janossy "Theory and Practice of the Evalvation of
Measurements' Clarendon Press, Oxford (1965).

S. P. Denisov, S. V. Donskov, Yu. P. Gorin, A. I. Petrukhin,
Yu. D. Prokoshkin, D. A. Stoyanova, J. V. Allaby, and’
. Giacoumelli, Phys. Lett. 36B, 415 (1971).

V. Allaby, Yu. B. Bushnin, Yu. P. Gorin, S. P. Denisov,
Gilacoumelll, &. N, Diddens,
Klouring, A.
A, Stoyanova,

295 (1971); Yad. Fi

Prckoshiiin, Stahil-Brandt,
Shuvalov, Soviet J. Nucl. Phys. 13

12, 538 (19/0).

Petrukhin,

F. A. Harris, S. I. Parker, V. Z. Péterson, L. E. Yount, and
M. L. Stevenson, National Accelerator lLaboratory Report TM-358,
2610.900 (1972).



Tig.

Fig.

Fig.

Filg.

Fig.

1

2b

4

Figures

A schematic view of the high-encrgy cosmir—fay
lonization calorimeter vsed in this experiment.

Plot of pulse height as a function of module
number. In this case the module in which the
interaction occurred is clearly Fe 3.

Plot of pulse heipght as a function of

module number. This plet shows the difficulty
of making a unique selection ¢f the interactilon
module.

Plot of the measured interaction length as a
function of threshold requirements.

Plot of statistical uncertainty in the determination
of the mean interaction length as a function of
threshold requirsment.

Plot of statistical uncertainty in the determination

of the mcan interaction Jenpth as a finction of

threshold requircwent in the seccond interaction module
with the {irst held fixed at three equivalent particles.

TORINT



g T

Mean

Table I

Interaction Length of Protons in Iron

1
Incident  Kugber of
Zrnerpy Tren
(GeV) fedules

¢ Cl !
Intzractions | A in g/cm2

AA/A in Percent

Mensured
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Table 11

Mzan Interacticn Lengths of Picms in Iron . i

. - » . : $ AN
Incident Bumbev of  Total Number ° A in gfcn? ' &)/x in Percent
Enerzy | Tron of Zotected ¢ YUngorracticd Lorrected .
(GeV) Modules Interactions ;  for ¥ Centamination Mzasured Minimum

9.3 5 l 1291 166.8 +2.5 164.5 +8.5| +5.1 +ho4 L
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Table II1

Comparison of Experimental Determinations of Mezn Interacticn
Lengths of Frotens in Iron

Incident
Energy Source of i
Experirtenters (GaV) Protons g/cm2 Comments
Brenner and Williams(a) 30 Cosmic Ray. 152+7 Integrated all ha’vons
(1957) in cosmic ray flux\P
Ashmore et al.(c) 24.2 Accelerator 14348 Valuve interpolated from
(1980) measurements on Al and Cu
Dobrotin et 20-600 Cosnic Rays 125415 Integrated all Ladrons in
(1965) cosmic ray £iux(P
Bellertini et al.(e) 15.2 Accelerator 11943 Value interpolated from
(1966) mcasurements on 5, Al, Cu & Pb
tndrenikashvily (E) 50~-1500 Cosmic Rays 13046 Integrated all hadrons in
{1968) cosaic ray flux\P
{
Schzide ‘&) 28 Accelarator 14343 Minimum statistical error
: (1568) +3.3 g/cm?
: W. V. Jomes ot al,® 20.5-28 Accelerator 13973 Combined 20.5 and 28 GeV data
(1970) (1)
! Bashindjhagyan 2t al.”™" 400 Cosnic Rays 132+5 Corrected for pions in
E (1371) cosmic ray flux
|
|
i Kurz et al.(j 18 Accelerator 135.3+3.4 Experimental equipment and

to be published

data analysis similar to
present experiment
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Tabla IIZ =
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: ,
Inzident

Eneray Scurces of A im, AN
Experimentere (CeV) Procsoas z/em® Conments -~
"

o

)

L. %. Jones et a1, (k) 70-800
(1972)

Coemic Rays 122,452 Corrected fer pions in
cosnic ray £lus

Present Experiment 17.8 Accelarator 132.8+ particles in 2 o .

e modules : S R

(a) Ref. 1 ' S o
(b) Correcting for picm contaminaticn ia the coszice T2y flux would lower the veslue of th2 mean . .

interaction length by about 5%. . : Lo
(c¢) Ref. 2 o

(g) '
(r) «
(1)

ivat We are indebted to Dr. Kurz for permission to use these data prior to publication.
(k) Ref. 9
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